The dependence of the mean kinetic energy of laser-accelerated electrons on the laser intensity, so-called ponderomotive scaling, was derived theoretically with consideration of the motion of a single electron in oscillating laser fields. This scaling explains well the experimental results obtained with high-intensity pulses and durations shorter than a picosecond; however, this scaling is no longer applicable to the multi-picosecond (multi-ps) facility experiments. Here, we experimentally clarified the generation of the super-ponderomotive-relativistic electrons (SP-REs) through multi-ps relativistic laser-plasma interactions using prepulse-free LFEX laser pulses that were realized using a plasma mirror (PM). The SP-REs are produced with direct laser acceleration assisted by the self-generated quasi-static electric field and with loop-injected direct acceleration by the self-generated quasi-static magnetic field, which grow in a blowout plasma heated by a multi-ps laser pulse. Finally, we theoretically derive the threshold pulse duration to boost the acceleration of REs, which provides an important insight into the determination of laser pulse duration at kilojoule-petawatt laser facilities.
I. INTRODUCTION
When a high-intensity laser pulse is irradiated on a material, its surface is instantaneously ionized, and the electrons in the ionized material, i.e., plasma, are then accelerated close to the speed of light by the ponderomotive force of the laser light. These energetic electrons are often called relativistic electrons (REs). The energy distribution of REs is approximated by a Maxwell-Boltzmann distribution function with slope temperature T RE as dN/dE ∝ exp (−E/T RE ) where N and E denote the number and energy, respectively. The scaling laws of T RE on laser intensity have been investigated experimentally [1-3], theoretically, and computationally [4] [5] [6] [7] . These scaling laws are useful to determine laser parameters for high-intensity short pulse laser experiments and to design applications. The effect of pulse duration on T RE is not considered explicitly in the reported scaling laws; however, recent computational and theoretical studies [8, 9] have revealed that T RE generated by multi-picosecond (multi-ps) laser pulses could be several times higher than that predicted by the reported scaling laws. With the development of kilojoule-class high-power lasers such as LFEX [10] , NIF-ARC [11] , LMJ-PETAL [12] , and OMEGA-EP [13] , it has become possible to irradiate relativistic laser pulses continuously over multi-ps.
In this study, we have clarified the generation of superponderomotive RE (SP-RE) in multi-ps laser-plasma interaction using ultra-high-contrast LFEX laser pulses realized using a plasma mirror (PM). The slope temperature of REs was increased more than twice by extending the laser pulse duration from 1.2 ps to 4.0 ps. The following two acceleration mechanisms were identified as essential for the generation of SP-REs in multi-ps laser-plasma interaction with the help of particle-in-cell (PIC) simulations.
One mechanism is the generation of SP-REs by the combination of a laser field and a quasi-static electric field reported by Sorokovikova et al. [9] . In a laser-heated plasma, a quasistatic electric field is generated spontaneously by charge separation at the forward edge of the plasma expansion, and the direction of this field is generally parallel to the direction of laser propagation. Such a quasi-static electric field is able to push electrons along the laser propagation direction; therefore, electrons can stay in the acceleration phase longer than that without a quasi-static electric field, i.e., electrons undergo higher energy gain.
The other mechanism is multiple electron injection in the region where the laser field and quasi-static electric field coexist due to the cyclotron motion of REs in a self-generated quasi-static azimuthal magnetic field [14, 15] . This distinctive injection mechanism is referred to as loop-injected direct acceleration (LIDA). A tens of megagauss (MG) quasi-static magnetic field also develops within the expanding plasma in multi-ps laser-plasma interaction and LIDA plays a significant role in the generation of SP-REs in multi-ps laser-plasma interaction. The LIDA is triggered by the transition from the hole boring phase to the blowout phase in a laser-heated plasma. Here, we obtained the equation of transition timing for arbitrary laser pulses.
II. EXPERIMENTAL OBSERVATION OF SUPER-PONDEROMOTIVE ELECTRONS
We have experimentally investigated the dependence of RE energy distributions on the pulse durations under conditions free from pre-plasma formation. The experiment was conducted using the LFEX laser system at the Institute of Laser Engineering, Osaka University. The LFEX laser consists of four beams, where the spot diameter of the spatially overlapped LFEX beams on a target was 70 µm of the full width at half maximum (FWHM), and 30% of the laser energy was contained in this spot. One LFEX beam delivered 300 J of 1.053 µm wavelength laser light with a 1.2 ps duration (FWHM), and the peak intensity of one beam was 2.5×10 18 W/cm 2 .
It is well known that SP-REs can be accelerated in a longscale-length pre-plasma; therefore, a PM [16] was implemented to realize the pre-plasma-free condition to exclude the other known mechanisms from this experiment. The contrast ratio of the LFEX laser pulse was improved by two orders of magnitude through implementation of the PM [17] down to 10 11 at 150 ps before the main pulse (as shown in Fig. 1(a) ). These clean intense laser pulses create the ideal situation where the REs are accelerated predominantly in the inherent plasma formed by the main laser pulse itself during the picosecond time range. The density scale length of the preformed plasma was calculated to be 1.5 µm at 10 ps before the intensity peak from a 2D radiation hydrodynamics simulation with the PINOCO-2D code [18] .
These "clean" pulses were focused on a 1 mm 3 gold cube. The thickness of the gold cube is also an important parameter to investigate RE acceleration by multi-ps laser-plasma interactions. The REs generate a sheath electric field at the rear surface of the target. This sheath field refluxes especially low energy REs and the refluxed REs are re-injected to the acceleration region. This recirculation process also generates SPREs, which was investigated by Yogo and Iwata et al. [19, 20] . One cycle of the recirculation process takes at least 6.7 ps in the 1 mm-thick gold cube, which is longer than the pulse durations (1.2 or 4.0 ps) in this experiment; therefore, the recirculation process can be eliminated from the SP-RE mechanisms in this study.
LFEX laser pulses can be stacked temporally with arbitrary delays between the beams, as shown in Fig. 1(b) . In this study, a single beam (case A: 1.2 ps FWHM pulse duration and peak intensity of 2.5 × 10 18 W/cm 2 ) was used and two types of four-stacked beams (case B: 4.0 ps FWHM pulse envelope and peak intensity of 3.0 × 10 18 W/cm 2 , and case C: 1.2 ps FWHM pulse duration and peak intensity of 1.0 × 10 19 W/cm 2 ). We emphasize here that the leading edge of the stacked pulse remains similar to that of the single beam. If the pulse duration is extended by adjusting the pulse compressor of the laser system, the leading edge would inevitably be modified into a more gradual shape.
The energy distribution of REs emanated from the target to the vacuum was measured with an electron energy analyzer located 20.9 • from the incident axis of the LFEX laser. Figure 2(a) shows the experimental results of the time-integrated energy distribution. The slope temperatures were 0.65 MeV for case A (red circles) and 1.7 MeV for case B (green triangles). The slope temperature for case B was more than twice that for case A, even though the peak intensities were very close. The energy distributions of REs obtained for case B (green triangles) and case C (blue squires) were almost identical, even though the peak intensities were different by a factor of four. These slope temperatures cannot be explained using the reported scaling laws, whereby the dependence of the slope temperature on the pulse duration is not considered.
III. TWO-DIMENSIONAL (2D) PIC SIMULATIONS WITH EXPERIMENTAL CONDITIONS
A. Electron acceleration dynamics in multi-picosecond laser-plasma interaction
The experimental results were compared with those computed using the 2D PIC simulation code (PICLS-2D [21] ). Calculations were performed with temporal and spatial scales that were comparable to the experimental scales. The gold cube was replaced with a 20 µm planar plasma with a peak density of 40n c , where n c = 1.0×10 21 cm −3 is the critical electron density for 1.053 µm wavelength light. The bulk plasma has an exponential density profile from 0.1 to 40n c and a scale length of 1 µm. Due to computational limitations, the ionization degree was fixed to be +40 in the PICLS-2D simulation, which was determined based on the result of a one-dimensional PICLS simulation with the dynamic ionization model of gold described by field ionization [22] and a fast electron collisional ionization [23] . The ionization degree rose from +10 (given by the radiation hydrodynamic code PINOCO-2D) to around +40 for first several picoseconds. In the 2D-PIC simulation with dynamic ionization, it was reported that ionizing defocusing counteracting laser filamentation and self-focusing occurs.However, it does not significantly affect the short-scale-length pre-plasma in the order of the laser wavelength.
The slope temperatures of the REs in the simulation were 0.7, 2.0, and 2.0 MeV for cases A, B, and C, respectively. Thus, the PIC simulation reproduces well the experimentally observed dependence of the slope temperature on the laser intensity and pulse duration [24] , as shown in Fig. 2 .
Figures 2 (c)-(e) show a comparison of the pulse shapes (red lines) and the temporal evolution of maximum energy of REs (blue lines between circles) for cases A, B, and C. The temporal evolution of the maximum energy of the REs is similar to the laser pulse shapes for the cases of 1.2 ps pulse duration (cases A and C). In contrast, the situation for the 4.0 ps pulse duration (case B) is completely different. For case B, the maximum energy increases, even after the timing when the laser intensity reaches the plateau at 2.0 ps. The most energetic REs were produced near the end of the intensity plateau (5.5 ps). The time-integrated energy distributions of the REs for cases B and C seem to be identical; however, the temporal behavior of RE acceleration in case B is completely different from that in case C. (b) are colored using the lookup table of electron density logarithm normalized with the critical density (n c ). When a highintensity laser is irradiated on a target, quasi-static electric and magnetic fields are spontaneously generated on the target surface. The quasi-static term indicates that the time variation of the fields is slower than that of the laser field. The electric field is formed with plasma expansion and its direction is perpendicular to the target. The magnetic field is in the azimuthal direction of the laser axis. These self-generated electric and magnetic fields assist RE acceleration as discussed below.
In the earlier period (the top panels of Fig. 3 ), the REs move around the near-critical density region. The energetic RE source is initially accelerated to 3-4 MeV by the reflected laser field in the near-critical density region. 3-4 MeV is close to the kinetic energy (3.5 MeV) of a RE obtained by the ponderomotive force from the reflected laser field (a 0 = 1.7 and I = 4.0×10 18 W/cm 2 ) without absorption of the incident laser field. The electron travels outwardly (the opposite direction of laser propagation) through the magnetic and electric fields that are generated by the Biermann battery effect and charge separation. In this period, the self-generated magnetic field strength is not sufficient to change the RE motion. The selfgenerated electric field decelerates the outwardly moving RE, and the RE eventually stops and is then accelerated again inwardly. The effect of the quasi-static electric field not only directly imparts additional energy to the electrons but also reduces the dephasing rate of the RE from the acceleration phase of the laser field [9, [25] [26] [27] [28] [29] [30] . The RE continues to ride on the acceleration phase, whereby the RE gains energy from the laser field. i.e., the RE obtains more energy when it is accelerated by the incident laser field. In this simulation, the RE is accelerated up to 15 MeV by the combination of the quasistatic electric field and the laser field, as shown in Fig. 3(g) .
In the later period (bottom panels of Fig. 3 ), the selfgenerated magnetic field is sufficiently strong that some of the REs (blue and green trajectories) are reflected outwardly by the v v v × B B B force and they are re-injected to the region where both the self-generated electric field and laser field coexist ( Fig. 3(b) , loop(ii)). In loop (ii), the turning point of the RE is farther from the near-critical density region than that in loop (i) because the RE receives more kinetic energy in loop (i). After loop (ii), the kinetic energy of the REs reaches beyond 15 MeV, as shown in Fig. 3(h) . This re-injection mechanism is the LIDA [14] .
The solid lines in Figs. 4(a) and (b) show energy distributions of REs accelerated in the two periods. The histograms show the ratio of the RE numbers between the two groups: one group (red bars) consists of REs that experienced single loop-injection and the other (green bars) consists of REs that experienced multiple loop-injection. The correlation between multiple loop-injections and energetic RE generation is clearly evident; namely, the highest energy component of REs in Fig. 4 (b) above 20 MeV is generated predominantly by multiple loop-injection.
B. Generation of a giant quasi-static magnetic field during multi-ps laser-plasma interaction
The PIC simulation shows that the quasi-static magnetic field is generated by three different mechanisms in case B, which are dependent on the time during the multi-ps laserplasma interaction.
At the leading edge of the 4 ps flat-top pulse (<2 ps), the ponderomotive force of the incident laser pushes the relativistic critical density surface (γn c ) into the overdense region, and the heated underdense plasma expands into the vacuum. An electric field is generated at the outer boundary of the expanding plasma (which is referred to as the first electric field.). An azimuthal magnetic field is generated in the overdense plasma due to the ∇n × ∇I effect [4, [31] [32] [33] , where n and I are the plasma electron density and laser intensity, respectively. When the laser intensity reaches the plateau at 2.0 ps, plasma evacuation by the laser field is eventually halted by the charge separation due to depletion of the local electron density. The ∇n × ∇I mechanism becomes relatively small, whereas the ∇T ×∇n (Biermann battery) effect [34] [35] [36] [37] [38] [39] becomes the dominant mechanism for generation of the magnetic field. Here, T is the plasma electron temperature. Along with a change of the generation mechanism, the generation region also moves from the overdense region to the underdense region. The strongest magnetic field is generated at the edge of the laser spot in the underdense plasma ( Fig. 5(f) ). This magnetic field influences the motion of REs around the near-critical density region. Some of the REs are moved transversely from the laser spot by the E E E × B B B drift. The drift current heats the surface of the bulk plasma via the two-stream instability. Enhancement of the energy transfer to the transverse direction due to the surface magnetic field is discussed in Refs. [40] [41] [42] . The electric field that contributes to the E E E × B B B drift is a weak electric field generated in a limited region near the critical density surface. The heated bulk plasma begins to expand at the edge of the laser spot, while the expansion is suppressed at the inside of the laser spot by the laser ponderomotive pressure. The heated bulk plasma surface, which has been flat so far, deforms into a bow shape (which is referred to as a bow-shaped bulk plasma surface). The first electric field is carried out by the plasma expansion far away from the critical density surface and no longer contributes to the drift.
When the thermal pressure of the heated bulk plasma exceeds the ponderomotive pressure of the incident laser at 3.8 ps, the bulk plasma begins to expand at the inside of the laser spot, and the strong quasi-static electric field (the second electric field) is then generated at the near-critical density region. Figure 5(a) shows the electric fields in the longitudinal direction (E x ) of the two regions. The second electric field is generated at the expansion front of the heated bulk plasma at the inside of the laser spot. The newly generated strong electric field contributes to the E E E × B B B drift by combination with the magnetic field (Fig. 5(b) ). REs move along the bow-shaped bulk plasma surface by the E E E × B B B drift. When the REs flow in the plasma, the return-current is driven to maintain current neutrality in the plasma. Figure 5(c) shows the RE drift current in the lower density region and the return-current flow in the higher density region. The current loop produced by the spatial separation between the RE drift current and the return current generates a magnetic field along the outer edge of the bow-shaped bulk plasma surface (Fig. 5(c) ). This third magnetic field (30-50 MG) is stronger than the magnetic field generated by the ∇T × ∇n effect (<10 MG). In the plasma region where RE current terminates, the electric field is enhanced by the inflow of electrons (Fig. 5(d) ).
The positive feedback between the growth of the fields and the field-driven drift current results in the rapid growth of the quasi-static electric and magnetic fields with time (Figs. 5(c)-(h)). The maximum energy of the REs increases from 3.5 ps until 5.5 ps, which corresponds to the timing of rapid growth of the self-generated fields. The SP-RE are accelerated by a laser field under a quasi-static self-generated electric field. In addition, when positive feedback starts, the strength of the self-generated magnetic field grows by several tens of MG approximately several picoseconds after the beginning of the laser-plasma interaction, and the strong magnetic field begins the LIDA. Thus, SP-RE acceleration is not a process that gradually progresses with time but a process that proceeds in a threshold manner. This has not been pointed out in previous studies on REs acceleration by multi-ps laser pulse. [8, 9, 19, 20, 43] C. Transition timing to super-ponderomotive electron acceleration
The SP-RE acceleration is started when the plasma thermal pressure exceeds the laser ponderomotive pressure. Figure 6(a) shows the evolution of an initially exponential plasma profile during the interaction with a high-intensity laser pulse. The color map shows the electron density (log 10 (n e /n c )) and the red solid line shows the temporal intensity profile of the laser. At t =3.8 ps, the motion of the relativistic critical interface stops even though the laser pulse is still irradiated, and the state of the laser-plasma interaction transits from the hole boring phase to the blowout phase.
The position of the interface that interacts with the laser pulse having an arbitrary intensity temporal profile is obtained by integrating the velocity of the interface with respect to time [44] ,
Here, I(t)/c = m e c 2 n c a 2 0 (t)/2 is used and the variables are explained in the Methods section. t 0 is the time when the nor- malized laser amplitude a 0 reaches 1. Note that the position of the interface x c should vary with time. However, here the initial position of the critical density, i.e., x c = x c (0) =constant, was substituted considering that the temporal profiles of realistic lasers increase from 0 to the peak intensity. The transition timing can be obtained by coupling Eq. (1) with the hole boring limit density, which is derived from the momentum transfer equation for the stationary state of the interface [45] :
where ε is the polarization factor (ε=1 and √ 2 for linear and circular polarization, respectively), the plasma is assumed to be composed of REs (n h ) and bulk electrons (n b ) as n e = n h + n b , and the momentum flux of the bulk electron component is negligible compared to that of the RE component (i.e., n e T e cβ e ≈ n h T h cβ h ). β h is the ratio of the drift velocity of REs (v h ) to the speed of light, c. α ≡ ir/2 is the geometrical factor, where r = 1 for the non-relativistic Maxwell momentum distribution and r = 2 for the relativistic Maxwell (MaxwellJüttner) momentum distribution. Here, i = 1, 2, or 3 represents the dimension of the momentum distribution. When a 1D relativistic Maxwell distribution α = 1 is assumed, the relativistic limit for the RE velocity β h = 1, and linear polarization ε = 1, Eq. (2) reduces to n s /n c = 8Ra 2 0 . By substituting a 0 = 1.79 and R = 0.7, the electron density threshold n s for the experimental condition of case B in Fig. 6 is obtained as n s = 17.9 n c . This density is almost identical to the electron density threshold in which the plasma compression terminates in the PIC simulation. Substituting Eq. (2) and the initial electron density profile (n e (x) = n c exp[(x − x c )/l s ]) into Eq. (1) yields 8ε 2 a 2 0
where a 0 is the normalized laser intensity. When the laser intensity is constant in time, the transition timing is then obtained as
where M i = α * m p Z * represents the ion mass, m p is the proton mass, Z * is the ion charge number for the fully ionized state, and α * = 1 for hydrogen and α * = 2 for other species.
The correction factor F c is added to take the laser pulse profile into account. For cases where the laser intensity is constant in time, F c = 1. The lines in Fig. 6(b) show the transition timing calculated from Eq. (4) with F c = 1 for various reflectivities. Here, we assumed that a gold plasma (Z * = 197) with the preformed plasma scale length l s =1 µm in the charge state of Z = 40 interacts with a linearly polarized laser (ε = 1). The spot size of the LFEX laser is large; therefore, it is assumed that electron acceleration occurs one-dimensionally (α = 1). As an approximate trend, when the normalized laser intensity a 0 or reflectivity R increases, the transition timing is delayed. Low reflectivity reduces the effective laser intensity at the interface and reduces the hole boring limit density. When the normalized laser intensity is a 0 =1.79 (intensity is Iλ 2 = 4.0 × 10 18 W µm 2 /cm 2 ), the transition timing is estimated to be t s =2.8 ps, which is in good agreement with the simulation result.
In an actual case, the laser intensity increases in time with the Gaussian profile, so that the transition timing is delayed compared with that obtained for F c = 1. The color maps in Figs. 6(c) and (d) show the dependence of the correction factor F c on the normalized laser intensity a 0 and the half width at half maximum (HWHM) of the Gaussian leading edge for the low reflectivity case (R=0.3) and high-reflectivity case (R=0.7). As the normalized laser intensity or HWHM increases, a larger correction factor is required. In the present range of 1 ≤ a 0 ≤ 6 and 0 ps ≤ HWHM ≤ 1.8 ps, the correction factor increases only approximately 1.2 times at the maximum; therefore, it is sufficient to use Eq. (4) with F c = 1 for a rough estimation of the transition timing.
IV. SUMMARY
In summary, with the development of kilojoule-class highpower lasers, it has become possible to continuously irradiate relativistic laser pulses on matter over multi-ps. Although electron acceleration using a conventional sub-ps laser pulse has been explained theoretically as the interaction of a single electron with a laser field, it is necessary to consider the collective effect of electrons when the pulse duration reaches the multi-ps range. Energetic RE generation was experimentally clarified with an average energy far beyond the ponderomotive scaling using the prepulse-free LFEX laser. During the multi-ps interaction, a quasi-static electric field is generated by plasma expansion. In addition, a quasi-static magnetic field is gradually generated due to three different mechanisms of the ∇n × ∇I effect, the ∇T × ∇n effect, and a loop current driven by the E × B drift. The third mechanism of the current loop rapidly amplifies the magnetic field strength by the positive feedback between the electric and magnetic fields and the field-driven drift current. Under the quasi-static electric field, REs are accelerated efficiently above ponderomotive scaling by the laser field because the dephasing rate of the REs from the laser field is reduced. Furthermore, when the quasi-static magnetic field becomes sufficiently strong to reflect REs back to the laser-plasma interaction region, the reflected REs gain further additional energy. The boosting timing of electron acceleration by the LIDA mechanism is related to the transition timing of the laser-plasma interaction state from the hole boring phase to the blowout phase. The equation for transition timing can be derived from the equations for the motion of a relativistic critical density interface and the equations for the electron density where the hole boring terminates. In this study, the equation for transition timing was extended to a laser pulse with an arbitrary intensity temporal profile. The theoretical result was then compared with the result of PIC simulation. The mechanism for the generation of SP-REs in the multi-ps laser-plasma interaction reported here is useful for various applications. For instance, Yogo et al. reported that the maximum proton energy is enhanced more than twice by extending the pulse duration to the multi-ps regime, due to the electron temperature evolution beyond the ponderomotive energy in the over picoseconds interaction. The acceleration mechanism of REs investigated here is also important for fast-ignition inertial confinement fusion and laboratory astrophysics using high-intensity multi-ps laser pulses. 
V. METHODS

A. PM implementation
The LFEX parabola cannot be focused at an offset position far from the target chamber center due to its mechanical limitations; therefore, a spherical PM was used that allows the original focal pattern to be relayed at an offset position with respect to the target chamber center. A spherical concave mirror (2-inch diameter and 202 mm curvature length) with a 1.053 µm anti-reflection coating on both surfaces was placed after the focus point, as shown in Fig. 1(a) . The LFEX was focused at 3 mm above the target chamber center (offset position). The image at the offset position is relayed to the target chamber center with an image magnification of 1 by the spherical mirror. According to ray-trace code calculations, the deterioration of the image due to spherical aberration and astigmatism of the spherical mirror is negligible compared to the 70 µm diameter of the LFEX spot. The laser energy fluence on the PM surface was optimized to be 90 J/cm 2 to obtain acceptable reflectivity (50%) and spatial uniformity of the reflected pulse [46] . B. Model for the hydrodynamics of the critical surface irradiated by multi-ps laser pulse
We have previously derived the transition timing from the hole boring to the blowout phase t s , under constant laser irradiation (Eq. (8) in Ref. [45] ). Here, the equation of transition timing is extended to a laser pulse with an arbitrary intensity temporal profile and the theoretical result is compared with that obtained by PIC simulation.
At the interface, plasma is pushed into a high-density region by the laser ponderomotive pressure caused by hole boring. The hole boring velocity is conventionally derived with assumption of the initial and terminal states of the plasma components (ions, bulk electrons) and REs [44, [47] [48] [49] [50] . It is assumed that the laser is reflected at the interface, which is moving with velocity v p , and that electrons and ions are initially immobile. The flow velocity of REs is assumed to be v h .
In a frame moving with the interface at velocity v p , ions and bulk electrons drift at −v p toward the interface, where they are reflected. 1− f e is the fraction of electrons reflected elastically to the velocity +v p , at the interface. The remaining fraction f e of electrons are heated by the laser and accelerated to relativistic velocities p h /γm e . All ions are assumed to be reflected elastically to +v p , which is the same assumption as that made by Vincenti et al. [49] . The equations of the momentum flux conservation and the energy flux conservation are given by (1 + R)I(t)/c cos θ ≈ 2M i n i (t)v 2 p + f e n e (t)v h (t)p h (t) and (1 − R)I(t) cos θ = f e n e (t)v h (t)p h (t)c, respectively. Here, R is the reflectivity of the incident laser on the plasma and θ is the laser incident angle. M i and n i (m e and n e ) are the ion (electron) mass and number density, respectively. Reflection and density steepening occur at the relativistic critical electron density γ(t)n c with γ(t) = 1 + (1 + R)a 2 0 (t)/2, where a 0 is the normalized laser field amplitude. The initial electron density profile is assumed to be n e (x) = (γn c ) exp[(x − x c (0))/l s ] with scale length l s . Note that in Ref. [45] , cos θ = 1 and f e = 1 are assumed.
The dashed lines in Fig. 6(a) indicate the motion of the interface calculated by Eq. (1) with various reflectivities. The red dashed line (R=0.7) reproduces the motion obtained by the PIC simulation until t =3.8 ps. This result shows that the velocity of the interface at each time can be determined by the momentum and energy balance among the laser, ions, and hot electrons, and that the integration of the interface velocity, Eq. (1), explains the motion of the interaction surface. 
